Nanocrystalline Ni-doped gadolinium oxide (Gd 1.90 Ni 0.10 O 3Àd , GNO) is synthesized by co-precipitation method. The as-prepared sample is annealed in vacuum at 700°C for 6 h. Analyses of the x-ray diffractogram by Rietveld refinement method, transmission electron microscopy and Raman spectroscopy of GNO recorded at room temperature confirmed the pure crystallographic phase and complete substitution of Ni-ions in Gd 2 O 3 lattice. Magnetization (M) as a function of temperature (T) and magnetic field (H) is measured by a superconducting quantum interference device magnetometer, which suggests the presence of ferromagnetic/antiferromagnetic phases together with a paramagnetic phase. From the M-T curve it can be shown that the ferromagnetic phase dominates over para-/antiferromagnetic phases in the temperature range of 300-100 K, but from 100 K to 50 K, the antiferromagnetic phase dominates over ferro-/paramagnetic phases. Hysteresis loops recorded at different temperatures indicate the presence of weak ferro-/antiferromagnetism, which dominates in the low field region ($ 4000 Oe), above which magnetization increases linearly. The sharp increase of magnetization in M-T curve observed in the temperature range of 50-5 K confirms the presence of dominating ferromagnetic plus paramagnetic phase over antiferromagnetic part. For the first time a combined formula generated from threedimensional (3D) spin wave model and Johnston formula is proposed to analyze the coexistence of different magnetic phases in different temperature ranges. Interestingly, the combined formula successfully explains the co-existence of different magnetic phases along with their contribution at different temperatures. The onset of ferromagnetism in Gd 1.90 Ni 0.10 O 3Àd is explained by oxygen vacancy mediated F-centre exchange (FCE) coupling mechanism.
INTRODUCTION
Dilute magnetic semiconductors (DMSs) have drawn considerable attention due to their advanced technological applications in spintronics since the last decade. 1, 2 In the family of DMS systems, room temperature ferromagnetism (RTFM) in transition metal (TM) ion-doped ZnO, SnO 2 , TiO 2 , CeO 2 etc. [3] [4] [5] [6] [7] [8] have been observed by various researchers. In addition, dilute magnetic dielectrics (DMDs) are also an important area of research due to their enhanced magnetic property at room temperature (RT) and high dielectric constant. Recently it has been found that TM ion doped rare earth (RE) oxide exhibits the property of DMD [7] [8] [9] [10] with high dielectric constant, 11 as well as high value of magnetization compared to that of DMS due to high free ion magnetic moment of RE ions (R 3+ ). Because of high resistivity, high dielectric constant and large band gap, rare earth oxides are the potential candidate for new generation spin filter, magnetic sensor and storage devices. 12 In recent times, the magnetic behavior of TM ion doped rare earth oxides such as Dy 1 11 and in continuation of our earlier work, here we report the preparation, structural refinement, morphology, Raman spectroscopy and magnetic behavior of Ni 2+ ion doped gadolinium oxide with composition Gd 1.90 Ni 0.10 O 3Àd (GNO) where the percentage of doping is same with results of previous studies. In this manuscript we have investigated the magnetic behavior of Gd 1.90 3 20 where the percentage of doping is same. The crystallographic phase of GNO and the substitution of Ni 2+ -ions in the Gd 2 O 3 host lattice are confirmed after analyzing the x-ray diffractogram by Rietveld refinement. Analyses of transmission electron microscopy (TEM) and Raman observation of the sample also confirmed the absence of any impurity phase in the sample. Weak ferromagnetic ordering is observed in GNO at RT in the low field region (at an applied field of $ 4000 Oe) above which the magnetization increases linearly with the applied field indicating the strong paramagnetic behavior of GNO. In the high field region ($ 5 T) the paramagnetic behavior of Gd 2 O 3 dominates over ferromagnetic/antiferromagnetic behavior of the sample due to high magnetic moment of the host cations. The onset of ferromagnetism (FM) in GNO are successfully explained by oxygen vacancy mediated FM or socalled F-centre exchange (FCE) coupling mechanism. 21 In FCE mechanism an electron is trapped in oxygen vacancy which acts as a coupling centre, through which doped magnetic ions align in ferromagnetic order.
EXPERIMENTAL METHODS
Synthesis of Gd 1.90 Ni 0.10 O 32d
The precursor materials for the preparation of nanocrystalline GNO in simple co-precipitation method were gadolinium oxide, Gd 2 O 3 (Alfa Aesar, 99.9% purity) and nickel chloride hexahydrate, NiCl 2 AE6H 2 O (Sigma Aldrich, 99.9% purity). To prepare Gd 1.90 Ni 0.10 O 3Àd by co-precipitation method, first required amount of gadolinium oxide was taken in a beaker and few drops of de-ionized water were added in the gadolinium oxide to obtain the slurry. Few drops of concentrated hydrochloric acid (HCl) were added in the slurry to obtain a clear solution of gadolinium chloride (GdCl 3 ). The freshly prepared solution of GdCl 3 was slowly heated at 60°C for duration of $ 3 h to remove the extra amount of HCl and finally micro-crystals of GdCl 3 were obtained. The micro-crystals of GdCl 3 were dissolved in 100 mL of triple distilled boiled water and sonicated for half an hour. In another beaker required amount of nickel chloride was taken and 100 mL of triple distilled boiled water was added to obtain the nickel chloride solution and sonicated for half an hour. To obtain a clear homogeneous chloride solution, the solution of gadolinium chloride and nickel chloride were taken in a beaker and 200 mL of triple distilled boiled water was added to it and sonicated for 1 h. In a beaker sodium hydroxide (NaOH) pellets were dissolved in triple distilled water to obtain a diluted sodium hydroxide solution. To obtain the co-precipitation, this newly prepared diluted sodium hydroxide solution was added drop wise in the chloride solution until the pH of the solution was maintained at $ 9 and as a result the desired gadolinium hydroxide Gd(OH) 3 was precipitated. The co-precipitated particles were washed several times by triple distilled boiled water to neutralize the pH of the solution and to remove extra ions. Finally, the co-precipitated particles were filtered by vacuum filtration technique and were dried at RT. The as-dried sample was annealed at 700°C for 6 h in vacuum to obtain the desired crystallographic phase and to enhance the oxygen vacancy in the doped sample, which is helpful to obtain magnetic ordering in GNO. Boiling condition was maintained during co-precipitation to lower the adsorbed oxygen in the water that may helpful to enhance the oxygen vacancy in the sample.
Materials Characterization
The x-ray diffraction (XRD) pattern of GNO was recorded using a Brukers Advanced D8 diffractometer with Cu K a radiation (k = 1.54184 Å ) in the 2h range from 20°to 75°. Transmission electron microscopy (TEM) of GNO was recorded using FEI, Tecnai G 2 F30-ST microscope operated at 300 kV. The same microscope is equipped with a scanning unit, a high-angle annular dark field (HAADF) detector for scanning transmission electron microscopy (STEM-HAADF) and the energy dispersive x-ray spectroscopy (EDS, EDAX Inc.) attachment to perform elemental analyses. Raman spectra of GNO were recorded at RT in the wave number range of 70-800 cm À1 using a T64000
Raman Spectrophotometer (J. Y. HORIBA). An incident radiation of wavelength 632 nm emitted from He-Ne Laser was used as the exciting radiation in Raman spectrometer that interfaced with the computer in the photon counting mode. Static magnetic measurements viz., M versus T curve under field cooled (FC) and zero field cooled (ZFC) conditions, magnetization versus field (M-H) curves were carried out at different temperatures from 300 K down to 5 K by using Quantum design SQUID magnetometer.
RESULTS, ANALYSIS AND DISCUSSION

XRD and Rietveld Analysis
The x-ray diffractogram of GNO is shown in Fig. 1 where hDi is the average crystallite size, k is the wavelength of the incident x-ray radiation and h is the corresponding Bragg angle. Here, b 1/2 is the fullwidth at half-maximum (FWHM) of the (222) peak. The average crystallite size of GNO estimated using Scherrer equation is 17 (±1) nm which indicates the nanocrystalline nature of the sample. To derive the structural (lattice parameters, unit cell volume etc.) and microstructural (coherent domain size/crystallite size, micro-strain etc.) parameters, Rietveld analysis of XRD pattern was carried out with the help of a software MAUD. 22 During the analysis of XRD data, each profile was fitted with a pseudoVoigt function and all the parameters related to structure/microstructure were considered as refinable parameters. The good fitting is also assessed from the value of goodness of fit (GOF) and the reliability parameters, namely R w (weighted profile factor), R exp , (expected weighted profile factor), and R b (the Bragg factor) defined as [17] [18] [19] 
Here I io and I ic represent the observed and calculated intensities at the ith step, I k represent the intensity assigned to the kth Bragg reflection at the end of the refinement cycles; w i = (1/I io ) is the weight factor. N is the total number of points, which are considered in the refinement and P denotes the number of parameters refined. For the best fitted pattern the value of GOF is around unity. Rietveld analysis also confirms the cubic structure of GNO with space group Ia3 and the value of lattice parameter obtained from Rietveld analysis is a = 10.8325 Å (± 6 9 10 À3 ) with GOF $ 1.32. The value of GOF (very close to 1) indicates that the observed pattern is well fitted by the derived pattern in the Rietveld refinement. The absence of extra peak due to any probable impurity phase like Ni or NiO clusters in the observed pattern confirmed the formation of pure crystallographic phase of GNO. The average nanocrystallite size estimated from Rietveld refinement of XRD pattern of GNO is $ 19 (± 0.5) nm. During Rietveld refinement of XRD pattern of GNO we consider a mixture of Gd 2 O 3 and NiO phase and with the progression of refinement iterations it is observed that the volume fraction of NiO phase diminishes gradually and ultimately become zero. This fact ruled out the formation of NiO phase in the sample. To find out the role of oxygen vacancy on the introduction of ferromagnetism in GNO, the oxygen occupancy was also estimated during Rietveld analysis and the corresponding value of oxygen occupancy is $ 0.897, which yields the formula unit of GNO to be (Gd 1.90 Ni 0.10 O 3Àd ) with d = 0.309. The results of Rietveld refinement of the sample are summarized in Table I . From the Rietveld analysis bond lengths obtained in GNO are: O1-Gd1: 2.51 Ǻ , O1-Gd2: 2.31 Ǻ , O1-Gd2: 2.39 Ǻ , O1-Gd2: 2.44 Ǻ while for undoped Gd 2 O 3 23 bond lengths are: O1-Gd1: 2.33 Ǻ , O1-Gd2:
2.26 Ǻ , O1-Gd2: 2.32 Ǻ , O1-Gd2: 2.38 Ǻ respectively.
TEM Analysis
To study the morphology of nanocrystalline GNO, TEM observations were carried out. Some low Fig. 2a and b ) it is seen that the particles are agglomerated. We could not measure the average particle size of GNO from TEM micrograph due to high agglomeration of the nanoparticles. Most of the nanoparticles have a dumbbell-like shape. The SAED pattern of GNO is shown in Fig. 2c . The different lattice planes corresponding to Gd 2 O 3 were identified by calculating the diameters of the different rings in the SAED pattern and are also assigned in Fig. 2c . The lattice fringe pattern of GNO is displayed in Fig. 2d . The separation between the consecutive parallel planes is calculated and the calculated value is 3.12 Ǻ which corresponds to the lattice plane (222) of Gd 2 O 3 , which is assigned and marked in Fig. 2d . From Fig. 2c and d it is seen that no lattice planes other than Gd 2 O 3 are observed. Thus, TEM study also ruled out the presence of any impurity phase in the sample of GNO, which confirms the complete substitution of Ni 2+ -ions in the lattice of Gd 2 O 3 . This observation is in good agreement with the results obtained from Rietveld analysis of XRD pattern.
To investigate the chemical compositions of GNO, STEM-HAADF-EDX analysis was performed and the presence of Gd, Ni and O is confirmed. Figure 3a shows EDX spectra of GNO. The trace of Cu and C are appeared in the spectrum as we have used a carbon coated Cu grid in TEM observation. No traces of any impurity elements have been observed in EDX spectra, which establish the purity of the sample GNO. We have determined the weight percentages of Ni and Gd in Gd 1.90 Ni 0.10 O 3Àd from EDX measurement and the respective values are 4.72% and 95.28%, respectively. These values are quite close with our chosen stoichiometry of 5% and 95%. STEM-HAADF image (Fig. 3b) indicates that Gd and Ni are uniformly distributed in the doped sample. Also, there is no trace of Ni or NiO clusters in the sample. This is also in good agreement with the results obtained from Rietveld analysis and Raman spectroscopy.
Raman Spectroscopy
Raman active phonon modes generated in Raman spectra are the characteristics of different features like crystallographic phase, presence of impurity, structural defects etc. Generally, Gd 2 O 3 exists in both cubic (C-type) and monoclinic (B-type) structures. Luyer et al. 24 studied experimentally and theoretically the Raman spectroscopy of Gd 2 O 3 in both cubic and monoclinic phases. Zarembowitch et al. 25 performed experimentally the Raman spectroscopy of monoclinic B-type structure. Rietveld analysis of the XRD pattern confirms cubic structure of GNO with space group Ia3: Raman-active modes in cubic Gd 2 O 3 has been predicted by Bloor and Dean using the factor group analysis. 26 Using the factor group theory, the number of distinct Raman active phonon modes in cubic phase of rare earth oxide are 22 and the possible modes are 4E g , 4A g , 14F g , 5E u , 5A u , and 16F u 26 where all the gerade (g) modes are Raman active, E u and A u modes are Raman inactive and F u modes are infrared active. 26 In the observed Raman spectra of GNO recorded at RT, Raman active modes are located in the region between 70 cm À1 and 800 cm À1 which are shown in Fig. 4 81m  -66  -85vw  ---95s  -91  -108vw  102  -106  119s  -111  -135w  ---145w  144  --198w  185  -177  235w  ---299vw  257  --316m  314  -302  337vw  ---361vs  354  339  354  401w  ---413vw  ---435sh  418  -433  447m  ---479vw  ---568m  562  552  556  656  -683  --732 vw very weak, w weak, m medium, s strong, vs very strong, sh shoulder.
Microstructural
cubic phase are shown in Table II . The absence of a Raman mode corresponding to the Ni cluster and nickel-oxide 28 in the observed Raman spectra of GNO indicates the absence of these phases in the sample, which is consistent with Rietveld refinement of the XRD pattern and TEM observations of GNO. Because of the doping of Ni-ions in the cubic Gd 2 O 3 lattice, Raman modes are slightly shifted from undoped Gd 2 O 3 suggests that the dominant fraction of Ni gets incorporated substitutionally into the Gd 2 O 3 lattice and forms GNO. There are many reasons for the shift of Raman modes, such as oxygen vacancies within the material, disorder induced defects or phonon confinement effects etc. 29 Zhang et al. 30 suggested that oxygen vacancies play a crucial role for shifting and broadening of Raman modes. The change of bond length and bond energy may be correlated with the shift of Raman modes. The shift of Raman active modes in GNO towards lower wave number region compared to undoped Gd 2 O 3 may be attributed to the increase in bond length in GNO and presence of oxygen vacancies in the sample, which is also in good agreement with the results obtained from Rietveld analysis. Figure 5 shows the M-T curves of GNO under zero field cooled (ZFC) and field cooled (FC) conditions. To measure FC magnetization, the sample was cooled from 300 K down to 5 K with an applied field of 200 Oe. It is apparent that FC and ZFC curves are overlapped down to $ 220 K, but the enlarged view shows that FC and ZFC magnetization values are different from 300 K, which is shown in the inset of Fig. 5 , implying that there is no superparamagnetic effect at and below $ 300 K. From M-T curve it is seen that ZFC magnetization increases slowly with the lowering of temperature from $ 300 K down to $ 100 K. But below $ 100 K down to $ 50 K, magnetization decreases with the lowering of temperature and attains a minimum value of $ 0.157 emu/g at $ 50 K, and below this temperature down to $ 5 K magnetization increases rapidly with the lowering of temperature. The sharp rise in magnetization below $ 50 K is the characteristic of DMS/DMD material, which is due to the uncoupled or weakly coupled TM ions. To confirm the presence of magnetic ordering in GNO, M-H loops were recorded with maximum applied field of $ 5 T. Some selected M-H loops recorded at 300 K, 100 K, 70 K, 50 K, 20 K, and 5 K are displayed in Fig. 6 . The M-H loop of GNO recorded at RT is a clear hysteresis loop in the low field region (at an applied field of $ 4000 Oe) and the extracted values of coercivity, remanence and maximum magnetization are $ 25 Oe, 0.016 emu/g and 5.8 emu/g, respectively. In case of GNO, hysteresis loops are prominent in the low field region ($ 4000 Oe) which is evident from Fig. 6 , but when the loops are shown in the full region of the applied field ($ 5 T) the behavior looks like paramagnetic type. We have tried to fit the observed unsaturated M-H curve using the modified Langevin function. The modified Langevin function is expressed as
Magnetic Properties
The symbols have their usual meanings. 15 The initial magnetization of the M-H curve at 300 K and 20 K along with the Langevin fitting is shown in Fig. 7 .
To find the dominating magnetic phase and to explain the onset of nonlinearity in the low field region ($ 4000 Oe) even at RT of GNO, we have proposed a combined formula generated from 3D spin wave model and Johnston formula, which includes the term for paramagnetic, ferromagnetic and antiferromagnetic to fit the M-T curve in the ZFC condition. According to this, combined formula [17] [18] [19] 31 becomes
The first term in the equation is for the paramagnetic part of the host, the second term is the antiferromagnetic contribution, the third term indicates the ferromagnetic contribution arising from the 3D spin wave model and the fourth term is the temperature independent contribution to magnetization. In the previous equation M(0) is the saturation magnetization at T = 0 K due to the ferromagnetic component, and A is a coefficient correlated to the structural properties of the material. The good fitting of the M-T curve in ZFC condition using the combined formula is shown in Fig. 8 , which indicates that magnetization in the full range of temperatures under the ZFC condition is successfully explained by the combined formula. The individual contribution of ferromagnetic, paramagnetic and antiferromagnetic parts at some temperatures such as 300 K, 200 K, 150 K, 100 K, 80 K, and 50 K obtained from the fitting of M-T data under the ZFC condition using the combined formula generated from the 3D spin wave model and Johnston formula are given in Table III . The extracted values of magnetization from fitting the M-T data indicates that in region-1 (300-100 K) the ferromagnetic contribution dominates over the other two counterparts in the low field region and the fitting parameters are M(0) = 0.158 emu/g, C = 0.003 emu K/g Oe, C AF = 0.067 emu K/g Oe, respectively. But in the high field region, the paramagnetic behavior of the sample dominates over ferromagnetic behavior due to the high magnetic moment of the host cations. In region-2 (100-50 K) of M-T curve it is seen that below $ 100 K down to $ 50 K the decrease of magnetization with lowering of temperature may be due to the dominating presence of antiferromagnetic ordering over paramagnetism of the host cations and ferromagnetic ordering in the sample. The presence of an antiferromagnetic phase together with ferromagnetic plus paramagnetic phases is confirmed from the extracted values of the individual magnetization obtained from the fitting of M-T data and the fitting parameters are M(0) = 5 9 10 À4 emu/g, C = 0.021 emu K/g Oe, C AF = 0.12 emu K/g Oe, respectively. Thus, due to the strong antiferromagnetic contribution, the antiferromagnetic phase dominates over paramagnetic plus ferromagnetic phases in region-2. In the M-T curve there is a broad maximum at temperature T max $ 95 K and a point of inflection at $ 50 K. According to Bonner and Fisher, this behavior is the characteristics of the antiferromagnetic chain 19, 31 and the antiferromagnetic exchange interaction follows the relation
The estimated value of antiferromagnetic exchange interaction
In region-3 (50-5 K) the large value of the ferromagnetic contribution and small value of the antiferromagnetic contribution indicates that in this region the ferromagnetic phase dominates over the antiferromagnetic phase, indicating that ZFC magnetization increases rapidly with lowering of temperature. But due to the strong paramagnetic contribution of the host cations, the loops are not saturated. The lack of saturation in the loops demonstrates that a large fraction of nanoparticles are in paramagnetic phase. In region-3 the fitting parameters are M(0) = 0.06 emu/g, C = 0.015 emu K/g Oe, C AF = 0.001 emu K/g Oe, respectively. Actually, in the first phase of the fitting we have tried to fit the magnetic data into the entire temperature region using one set of parameters, namely, M(0), C etc. But here it seen that the values of M(0) and C in three different regions change due to the change of domination of different magnetic phases, and accordingly, the magnetic data in the whole region are fitted quite satisfactorily. The paramagnetic contribution comes from the strong exchange interaction among the spins of Gd 3+ unpaired electrons. 32 The presence of hysteresis loops in the low field region is due to the presence of ferromagnetic/antiferromagnetic ordering in the sample and the unsaturated M-H loop is the signature of the presence of paramagnetism. A canonical antiferromagnet does not exhibit any sort of hysteresis loop, but for nanoscaled antiferromagnets hysteresis can be observed. 19 The introduction of magnetic ordering due to impurities can be easily ruled out by Rietveld analysis of the XRD pattern, TEM and Raman analysis of GNO. Alhough different mechanisms can explain the observed magnetic ordering in the TM-ion doped DMS/DMD system, the proper explanation of the onset of magnetic ordering is yet to be explored. As the concentration of magnetic cations responsible for the ordering is low, i.e. the Ni cations, the observed magnetic ordering cannot be explained by the carrier mediated Ruderman-Kittel-Kasuya-Yosida (RKKY) magnetic exchange mechanism reported by Hou et al. 33 The RKKY interaction is based on the concentration of free carrier, but at such a low doping Gd 2 O 3 cannot transform into a metal. Coey et al., 21 reported the oxygen vacancy mediated ferromagnetism, which is related to the formation of bound magnetic polarons. Among different possibilities, the most plausible explanation for the present case is the defect/oxygen vacancy mediated F centre exchange (FCE) coupling mechanism, as the sample is annealed in vacuum and the formation of oxygen vacancy in the sample can be substantiated by the Rietveld analysis of GNO. In FCE mechanism, an electron trapped in an oxygen vacancy (Vo) forms the F-centre, and the trapped electron occupies an orbital, which overlaps the d shell of neighboring Ni ions. The magnetic exchange interactions between V O and Ni ions align most of the spins of Ni ions around V O , constitutes BMPs. The magnetic behavior of doped diluted magnetic semiconductors is characterized by the interaction between large collective spins which are known as bound magnetic polarons (BMPs). 34 According to the Hund's rule and Pauli Exclusion Principle, spin orientations of the trapped electrons and the neighbouring Ni ions should be parallel in order to achieve ferromagnetic ordering. 35 . 32 According to FCE mechanism the direct exchange interaction between two Ni ions through oxygen vacancy is ferromagnetic in nature which leads to the alignment of the spin of the magnetic atom. 21, 32, 36 The concentration of BMPs at relatively high temperature is quite low 17, 18 and only few Ni ions are ferromagnetically coupled through oxygen vacancies which contribute weak ferromagnetic ordering in the sample. 32 With the lowering of temperature the decrease in thermal randomization of magnetic spins and the increase of FCE interaction mediated by oxygen vacancy due to increase of BMP concentration favours the dominance of FM phase in GNO and thus strengthens the ferromagnetic exchange interaction at lower temperature. 21, 32, 36 Again with the lowering of temperature both polaron size and total intrapolaron exchange energy increase logarithmically and probability of overlapping of BMPs and interactions between BMPs increases, which leads to the prominent long range FM ordering in the sample at low temperature. 34, 37 samples show ferromagnetic/antiferromagnetic behavior at different temperatures. In addition, paramagnetic behavior due to host cations and ferromagnetic ordering due to FCE interactions, the onset of antiferromagnetic ordering based on superexchange interactions and bond angles can also be explained with the help of atomic structure of GNO derived from MAUD which is shown in Fig. 9 18 exhibits paramagnetic nature with maximum magnetization at 300 K around 5.7 emu/g with a maximum applied field of $ 5 T. Hazarika et al. 39 reported the superparamagnetic behavior of Gd 2 O 3 nanorod at 300 K with maximum magnetization $ 6 emu/g at 6 T. Patel et al. 32 reported that the paramagnetic behavior with feeble antiferromagnetic contribution in Co doped Gd 2 O 3 nanorod with maximum magnetization at 300 K was $ 0.06 emu/g with a maximum applied field of $ 2 T. But in the present system, we have investigated the magnetic properties of Ni doped Gd 2 O 3 (Gd 1.90 Ni 0.10 O 3Àd ), where room temperature ferromagnetism is observed in the low field region ($ 4000 Oe), but with maximum applied field of $ 5 T dominant paramagnetic behavior with maximum magnetization at 300 K is $ 5.8 emu/g is found. The formation of oxygen vacancy to maintain charge neutrality in GNO plays a key role for the enhancement of magnetization compared to Co and Fe doped Gd 2 O 3 . Also, the huge enhancement in the magnetization of GNO compared to that of 5% Tb doped Gd 2 O 3 20 may be attributed to the presence of oxygen vacancy, which is achieved not only by annealing the sample in vacuum, but also from charge neutrality. In the case of the Co/Fe doped Gd 2 O 3 system the situation may be different from that of Ni doped systems. The enhancement of magnetization normally depends on dopants as well as on the vacancies. The probability of existence of different valence states of Co/Fe (+ 2, + 3 and so on valence states) is more plausible compared to that of Ni. Because of this the creation of an oxygen vacancy in Ni doped Gd 2 O 3 is more probable than previous cases (Co/Fe doped Gd 2 O 3 systems). Thus, for the first time we have reported the room temperature ferromagnetism in a doped Gd 2 O 3 system. Thus, it is revealed that the increase of FCE interaction mediated by oxygen vacancies in GNO describes the enhanced magnetization compared to other doped or undoped Gd 2 O 3 reported so far.
CONCLUSION
Nanocrystalline samples of Gd 1.90 Ni 0.10 O 3Àd are successfully prepared where the TM ions of Ni 2+ are entered in the cubic lattice of Gd 2 O 3 . The oxygen vacancy is enhanced due to annealing the asprepared sample in vacuum. The analyses of XRD, HRTEM and Raman data do not find any impurity of NiO or other, and the formation of a cluster of Niatoms is not found in these analyses. Different magnetic phases such as antiferromagnetic, paramagnetic and ferromagnetic are found and duly analyzed. Though different magnetic phases are found in the magnetic measurements, the dominating phase depends mainly on two factors, namely, value of the magnetic field and temperature. To know the dominating magnetic phase at a given temperature, the measured data are successfully fitted by a combined formula consisting of 3D spin wave model and the Johnston formula, and we have considered this formula for the first time. The good fitting of the magnetic data by the combined formula successfully explains the dominating magnetic phase as a function of temperature. This unique approach will be helpful to analyze any magnetic data to know the magnetic phase of the system. The dominating magnetic phase such as paramagnetic and ferromagnetic as evaluated from the analysis is explained by FCE mechanism. The present doped system with high value of magnetization would be quite interesting for applications as DMD.
